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SUMMARY

This report covers the research and development for the design, fabrication,
and evaluation testing of a helicopter vibration indication system. The project
was initiated to meet a requirement for a system to detect and alert heli-
copter pilots to unsafe vibration levels during the operation of helicopters.

A contract was awarded to the American Research and Manufacturing Corporz-
tion to conduct the necessary research, design, and fabrication of the subject
system. Upon completion, five helicopter vibration indicator (HVI) units and
one vibration shake table were delivered to the United States Army Transporta-
tion Research Command (USATRECOM) for evaluation tests and comparative
data analysis.

The evaluation tests were conducted by installing each HVI system in one
H-21-type helicopter (in lieu of five separate H-21's) in order to obtain com-
parative data. The flight tests were conducted in accordance with a basic
flight plan suggested by the contractor.

Evaluation test results indicated that the helicopter vibration indicators, as
designed, were unsuitable for Army helicopter utilization.

CONCLUSIONS

It is concluded that:

1. The present vibration indication system, as designed, is too complex
and unreliable for use on Army helicopters. For the Government to
pursue any additional effort relative to improving this particular sys-
tem would be economically unfeasible.




During the period of this contractual effort, the state of the art in
electronic components has surpassed that of the present design;
therefore, many of the components and circuits installed in the
present units are obsolete and in some instances difficult to replace
as off-the-shelf items.

A simpler and more reliable vibration indicator can be designed
within the state of the art today.

Although the currently designed system did not produce consistently
reliable information, much was learned regarding helicopter vibra-
tions and the means of detecting critical vibration levels. (See
especially Appendix II, contractor's report, for vibration data for
various helicopter models. )

The results of this research program are considered to be accept-
able when it is realized that the equipment is the first system ever
designed which is strictly intended for helicopter installation and
utilization. The effort expended under this program may be con-
sidered as a step leading toward the design and fabrication of a more
reliable helicopter vibration indication system.




BACKGROUND

Vibration has been a serious problem with helicopters since the beginning of
their development, and it was not until this disturbance was dampened or
balanced out that helicopters could be operated successfully. Currently,
helicopters which are functioning properly have relatively low levels of vibra-
tion; however, when certain components become worn, damaged, and/or out
of adjustment, dangerous vibration that could destroy the aircraft can occur.
At the present time, the pilot's judgement determines when vibration exceeds
safe limits,

The pilot's impression of the vibration existing on military helicopters is
based on subjective, qualitative information obtained through his sense of
feeling, sight, and hearing. This type of information depends, to a great ex-
tent, on the pilot's physical and psychological condition and on his prior ex-
perience with the particular aircraft. A significant factor of danger is the
possibility of the pilot's becoming accustomed to a dangerously high level of
vibration where the change in level prior to an incipient failure is gradual.

Experience indicated the need for a helicopter vibration indication system
which would augment the pilot's perception and interpretation and therefore
increase flight safety substantially.

On 20 December 1956, the Transportation Corps Technical Committee ap-
proved the task for studies and investigations leading toward the design and
development of a vibration indicator (see Appendix I). The indicator was to

be adaptable to all Army helicopters and capable of detecting unsafe vibrational
conditions and interpreting them to the pilot during flight.

In June 1957, a contract was awarded to the American Research and Manu-
facturing Corporation, Rockville, Maryland, to conduct the necessary re-
search investigations for the design and fabrication of a system for determining
and reporting an unsafe vibrational condition in military helicopters. The re-
search effort under this program was accomplished in three phases:

Phase I - Determination of critical vibrations in military helicopters.
‘7

Phase II - Design and development of prototype instryments.
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Phase III - Prototype construction and testing.

For a detailed record of the research effort, see Appendix II, contractor's
report.

Upon completion of five helicopter vibration indicators, the units were de-
livered to USATRECOM, Fort Eustis, Virginia, for the purpose of conducting
engineering flight tests, specific operational evaluation, calibration checkout,
and comparative data analysis. '

Because of the unavailability (on a priority basis) of a permanently assigned
H-21 helicopter, the flight tests were conducted on an as-available basis.

Since the helicopter was detailed for special mission assignments away from
Fort Eustis, Virginia, an extension of the flight test program was necessary.
The flight tests were conducted during the period 14 July to 26 September
1960.

DESCRIPTION OF HELICOPTER VIBRATION INDICATOR

The helicopter vibration analyzing system consists of seven basic, functional
modules, each of which may be considered as a separate unit or building
block. These parts are identified as follows:

1. Reference Signal Generator

2. Oscillator Number 1

3. Oscillator Number 2

4. Vibration Pickup (Accelerometer)

5. Vibration Signal Amplifier

6. Analyzing Amplifier

7. Pilot's Display (Meter)
With the exception of items one, four, and seven, all other associated items

and related components are grouped together in a single cabinet. The rela-
tive size of the entire system, which weighs 46 pounds, is depicted in Figure

" 1. A more detailed description regarding the system's design concept and

function can be found in sections six and seven of Appendix II.
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Figure 1. Helicopter Vibration Indication System.

TEST PROCEDURES AND RESULTS

DETERMINATION ONE. Calibration Procedures and Location of Problem
Areas

Procedure

Upon delivery of the five helicopter vibration indication systems to Fort
Eustis, calibration test. were conducted for the purposes of becoming totally
familiar with the systems, of obtaining data for comparative analysis, and of
establishing whether or not there were any discrepancies and/or problem
areas associated with the operation of each system. It was established that
the following minimum equipment is required in order to conduct the calibra-
_tion tests properly:

1. Power supply of two 28-volt d. -c. sources with a 2-ampere capa-
bility. Note: Omne 28-volt. d.-c. source must be variable.

2. One vacuum tube voltmeter (VIVM). Note: The VIVM must be
capable of measuring d. -c. voltages.

3. One electronic counter, capable of measuring 300 cycles per second
to 1,000 cycles per second. Note: Similar to Hewlett-Packard
Model 523B.

wm




4. One shake table (specially designed). See Appendix IV, Figure 7.

The following steps must be performed to calibrate each vibration system
fully:

1. Connect the equipment as shown in the block diagram; see Figure 2
on page 9,

2. Set all switches located on the analyzer cabinet to the ''calibrate"
position.

3. Turn on power supply number one and allow to warm up for approxi-
mately 20 minutes.

4. Remove cover from the forward pickup and mount the unit on the
shake table. See Appendix IV, Figure 7.

5. Remove the cover from the aft pickup and place the unit in an upright
position on the bench. Note: This is essential in order to preclude

any feedback of signals into the analyzer cabinet.

6. After warmup, set oscillators number one and number two at 2. 75
volts (r.m.s.), using the VTVM to set voltage.

7. Set potentiometers number one and number two on the vibration
signal amplifier at 4. 00.

8. Set selector switch on the pilot's display at 1 forward channel.

9. Alternately adjust trim potentiometers on the forward pickup as-
sembly until a minimum (null) meter reading is obtained.

10. Repeat steps 8 and 9 for aft channel.
11. Repeat step 8.

12. Set micrometer amplitude adjustment located on shake table to read
0. 443 inch.

13, Shift gearing of shake table to the correct position for 1/rev. vibra-
tion signal (this position has the slowest relative speed).

14, Adjust power supply number two so that the electronic counter indi-
cates a 10-period average reading of 354, with a tachometer reading"
of 105.




N . .
1

15.

16.

17.

18.

k9.

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Adjust "cal. adj. ' screw on the 1/rev. forward analyzer amplifier
to indicate a reading of 1.0 on the pilot's display meter.

Shut off power supply number two.
Set selector on pilot's display to 2 forward channel.
Repeat step 12 to obtain a reading of 0.139 inch.

Shift gearing of shake table to the correct position for 2/rev. vibra-
tion signal (this is the center position).

Adjust power supply number two so that the electronic counter indi-
cates a 10-period average reading of 181, with a tachometer reading
of 210,

Repeat step 15 for 2/rev. forward.

Shut off power supply number two.

Set selector on pilot's display to 3 forward channel.

Repeat step 12 to obtain a reading of 0.174 inch.

Shift gearing of shake table to the correct position for 3/rev. vibra-
tion signal (this position has the fastest relative speed).

Adjust power supply number two so that the electronic counter indi-
cates a 10-period average reading of 123, with a tachometer reading
of 315,

Repeat step 15 for 3/rev. forward.

Shut off power supply number two.

Remove forward pickup from shake table and place on bench in an
upright position (cables are to remain connected).

Mount aft pickup on shake table.

To begin calibration of the aft channel, repeat steps 11 through 28,
substituting aft for forward.

Set all switches on the analyzer cabinet in the operating position.

Note: The 'cal. adj." control must not be changed at any time after
completion of the above steps.

7




33,

34,
35
36.

37.

38.

39.

40,

41,

42,
43,
44,
45,
46.
47,
48,

49.
50.
51.

52.

Repeat step 7, setting potentiometers number one and number two
at 9. 50,

Set selector switch on pilot's displa{f to 3 aft position,
Repeat steps 24, 25, and 26,

Adjust "opr, adj, ' screw on the 3/rev. aft analyzer amplifier to
indicate a reading of 0.7 on the pilot's display meter.

Remove the thermal delay rela);, mounted on the top rear of the
analyzer amplifier chassis, from the 3/rev. aft channel. This is
necessary in order to isolate the low-level warning circuit.

Adjust the "high adj. " screw so that the red warning light is activated
at the reading shown in step 36,

Replace the thermal delay relay.

Adjust the micrometer on the shake table to obtain a reading of 0. 4
on the pilot's display meter.

Adjust the "low adj. ' screw on the 3/rev, aft channel so that the
reading of 0. 4 is obtained on the pilot's display meter. This warn-
ing light should become activated in approximately 5 seconds,

Nate: The time-delay period of the low alarm may be changed by
means of an adjustment screw on top of the time delay relay.

Repeat step 24,

Repeat steps 37 through 39.

“Shut off power supply number two.

Set selector on pilot's display to 2 aft channel.

Repeat steps 18 through 20.
Repeat steps 36 through 44 for the 2/rev. aft channel.

Set selector on pilot's display to 1 aft channel.

Repeat steps 12 through 14.

Repeat steps 36 through 44 for the 1/rev. aft channel.

Repeat steps 29 and 30 (substitute aft for forward in step 29 and
forward for aft in step 30).

Repeat steps 34 through 50 (substitute forward for aft). Then shut
off power supply number 1.




Results

e The minimum time required to cali-
brate fully one complete vibration sys-
i) ) i) ) tem was 1.5 hours. The maximum
time required was 3 hours. Calibra-
tion tests established that after cali-
At bration related components cannot be
e M interchanged within an individual sys-
) tem or with any other system without
320 Jie the conduction of recalibration.
: VBmATION TSt
— _ = Because of the variance in impedance
i: of the electrical circuit of each chan-
e nel, individual calibration curves are
required for every channel of each sys-
tem. See Appendix III.
SHAKE POWER ELECTROKIC
TAILE SU?;LY COUMTER.
[ ]
Observations
Figure 2. Block Diagram of
Cable Connections for During calibration of the analyzer
Bench Testing and channels, excessive meter-needle
Calibration of Vibra- oscillations occurred in the order of 5
tion Indication Sys- to 15 percent of full-scale deflection;
tem. thus difficulty in obtaining precise

calibration adjustments and/or read-
ings was encountered.

The operation of the red warning light, which indicates excessive low-level
and/or high-level vibrations, was discovered to be extremely unpredictable.
This was attributed to the interaction of signals between various components
and the erratic operation of the thermal delay relays.

Undesirable drift in calibration was noted and observed as being a charac-
teristic of all the vibration systems.

The individual number one and number two oscillators are not directly inter-
changeable with respective oscillators of the other systems. The oscillator
controls in the respective oscillators must be individually matched so that
the summation of the individual frequencies will produce a total frequency of
973. 3 cycles per second. Any frequency other than 973. 3 cycles per second
causes drastic instability; therefore, it is virtually impossible to make pre-
cise calibrations. The fact that the oscillators are not directly interchange-
able with each other makes this a very undesirable feature.

— MR T S— N P ——
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DETERMINATION TWO. Adequacy of Installation Procedures

Procedure

Each helicopter vibration system was installed and test flown on one H-21-
type helicopter, serial number 2096, assigned to the 65th Light Helicopter
Company, Fort Eustis, Virginia,

Since the helicopter was assigned on an as-available basis, the systems were
installed in a temporary manner and in accordance with the installation pro-
cedures provided by the contractor. See Appendix IV; Figures 3, 4, 5, and
6 show temporary location and installation of the system.

The forward vibration pickup was mounted on the second shelf of the radio

rack located onthe forward left-hand side of the cabin (behind the co-pilot).
The aft vibration pickup was mounted on the floor in the rear portion of the
aircraft and beside the aircraft battery box.

Note: The "cal. adj. ' control must not be changed at any time during
the installation or operation of the system. This control is ad-
justed during the calibration of the system with an acceleration
test table. Changes in the setting of the "cal. adj. ' control will
necessitate recalibration of the system at a properly equipped
facility.

Results

The installation procedures provided by the contractor were considered to be
adequate and were easily accomplished.

The time required to accomplish the initial installation of the system was 6
man-hours.

After the initial installation, the average time required to change a complete
system was 1-3/4 man-hours.

Observation

The general installation of the system is simple; consequently, no specific

problems were encountered.
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DETERMINATION THREE. Flight Test

Procedure
Preflight of the equipment consisted of the following steps:

1. Fifteen minutes prior to flight, equipment was turned on to permit it
‘to warm up.

2. Oscillator voltage was checked for 2.75 volts (r.m. s.) with a vacuum
tube volt meter (VTVM).

3. Selector switch on pilot's display was set to 1 forward channel.

4. Trim potentiometers on the forward pickup assembly were alternately
adjusted until 2 minimum (null) meter reading was obtained.

5. Steps 3 and 4 were repeated for aft channel and pickup assembiy.

Because the test helicopter was assigned on an as-available basis, no specific
pilot was assigned to conduct the flight tests.

Each flight test was conducted in accordance with the flight test plan described
in Appendix V. Six readings were recorded for each maneuver. The results
are recorded in the Flight Data Comparison Charts in Appendix V.

For the purpose of readily recording the data, the pilot's display was held in
the hand of the test engineer, in lieu of permanently mounting the instrument
in the cockpit.

Results

The results of the flight tests are as follows:

1. Associated components such as the frequency-sensitive relays,
thermo delay relays, and the output voltage of the oscillators are
not operationally consistent nor reliable enough for the system to
function satisfactorily. (See Appendix VI, especially pages 33, 34,
and 37, where the contractor has concluded that the output charge cf
the oscillator is "the principal (although not the only) cause for
calibration drift".)

2. After 2 hours of operation, excessive drifting of the analyzer ampli-
fier occurred on units numbered 97V1001, 97V1002, and 97V1004.

11
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Some amplifiers commenced to drift within 1 hour after installation
in the helicopter. Thus the validity of the resultant data became
questionable.

3. Under similar power settings and maneuvers, the resultant data,
when compared with those of the other units, were determined not
to be compatible within the agreed-upon tolerance of + 10 percent.
Furthermore, in some instances data from the same unit did not
agree with its own previous data within the % 10-percent tolerance.
Differential readings as high as 114 percent were obtained, thereby
indicating the unreliability of the data presented by the system.
This can be readily noted in the Flight Data Comparison Charts in
Appendix V.

4, Helicopter vibration units numbered 97V1003 and 97V1005 were not
flight tested for the following reasons:

a. The 3/rev. aft channel of unit number 97V1005 was totally in-
operative.

b. Calibration of unit number 97V1003 was not completed because
of the lack of an appropriate power supply. The only power
supply in the USATRECOM Instrument Laboratory was being
utilized on another project and was not available for the time
necessary to conduct the calibration.

c. The questionable performance of the other three units and
economic factors indicated no need for the testing of these units.

Observations
The total time required to preflight the equipment was 25 minutes.

Meter readings on the pilot's display were not consistent for each indication
system when similar maneuvers were conducted. See results recorded in the
Flight Data Comparison Charts in Appendix V.

Since no pilot was regularly assigned to conduct the flight tests, each pilot
had to be briefed individually. This was considered to be detrimental to the
flight test since no one pilot was thoroughly familiar with the equipment. It
was observed that when a student pilot was operating the ship, the 3/rev.
vibration level was much higher than that recorded when experienced pilots
were flying. See Appendix VI, a report of calibration tests conducted by the
contractor, which substantiates the conclusions of TRECOM engineers as to
the rcliability of the instrument.

12
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FOREWORD

This is the final report of a program for the design, development, and
flight test of a helicopter vibration indication system., This program
has been conducted under the sponsorship of the United States Army
Transportation Research Command, Fort Eustis, Virginia, and was performed
during the period July 1957 to November 1959,

-ii-
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1,0 INTRODUCTION

The vibration indication system will alert the pilot by means of a

warning system to a dangerous condition of vibration and will, upon pilot

command, supply him with quantitative information regarding the location,

amplitude, and frequency of the critical vibration, With this information
at his command the pilot will be better able to establish the cause of the
vibration and to take necessary corrective action,

2,0 RECOMMENDATIONS

The flight tests outlined in section 8,0 were conducted during a l1-

week period of intensive flight, approximately 12 to 15 hours, with the
instrument installed continuously on one aircraft only, Because of the
wide divergence of vibration levels to be found in each aircraft, it is
recommended that additional flight tests be conducted on a broader basis,
involving seven to ten aircraft at a minimum. The primary purpose of

this test program would be to establish statistically the vibration limits
to be applied to the H-21 helicopter., It is suggested that the flight plan
outlined in the appendix be employed during the program,

It is further recommended that the fore-mentioned test program be conducted
at one station only. The purpose of this recommendation is to facilitate
calibration checks on the vibration shake table (see ArmCorp Report
TR-97-004),

It is recommended that one instrument be subjected to temperature and
environmental tests., These tests should be conducted concurrently with
the flight test program.

Pending the results of the suggested test program, it is recommended that
the vibration pickups be located in the following positions: (a) forward
pickup, immediately below the forward drive shaft just aft of the forward
transmission; (b) aft pickup, in the central transmission compartment on
the cargo deck,

It is recommended that the vibration acceleration limits specified in
Table 6 be considered for "provisional" status as alarm level adjustments
on the instrument, It is further recommended that these limits be reviewed
and revised, if required, at the conclusion of the recommended flight

test programs,

In view of the extensive interest expressed by Army maintenance personnel,

it is recommended that serious consideration be given to the several
alternate applications outlined in section 7,0,

3,0 DISCUSSION OF HELICOPTER VIBRATIONS

Vibrations are induced by the helicopter; their primary sources are the
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periodic aerodynamic forces of the rotors and periodic forces of the engine,
These forces are transmitted to the fuselage and structure through the rotor
hubs and controls and through the engine mounts and drive shaft.

The amplitude at which the structure will vibrate depends on the relation-
ship between the inertial and dampening characteristics of the structure
and on the magnitude, direction, and frequency of the driving force. This
motion of the structure is complex and is known to be detrimental to the
safety of the helicopter through (a) structural failure by fatigue and

(b) physical and psychological discomfort and fatipue of the pilot,

The main rotor is the principal source of vibration; the tail rotor,

second; the engine, third., The vibratory forces of the engine are better
understood, and the techniques for reducing, isolating, or completely
eliminating the vibration are widely employed, The vibrations attributed to
the main rotor and tail rotor are not as well understood.

The forces acting on the main rotor are repeated periodically for each
revolution, Thus the frequency of vibration of the blades is equal to
whole digit multiples of the rotor angular velocity, Ideally, the forces
acting on each blade are identical, and the net force transmitted to the
rotor hubs and controls is the algebraic sum of the forces acting on each
blade, According to the best available understanding of the rotors, only
forces at frequencies equal to whole digit multiples of the number of blades
times the rotor angular velocity would be transmitted to the structure,

In actual practice, however, a predominant l/rev. vibration can exist
because of the misalignment of one blade; other "odd" frequencies have been
noted on particular helicopters. A detailed explanation of the signifi-
cance and meaning of these "odd" frequency vibrations is not available;
however, they have been attributed to misalignment, imbalance, and limita-
tions in fabrication and assembly techniques.

Vibration data for various model helicopters are presented in section

9,0 of this report, These data show that the magnitude of the forces
transmitted to the fuselage varies with forward speed, gross weight,
distribution of cargo, and numerous other factors. The forces and the
resulting vibrations differ considerably in helicopters of the same model
according to the adjustment of the blades and various components and to
minor differences in fabrication and assembly.

The effect of the vibration on the fuselage structure, transmission, and
other components can be critical, particularly when a resonant condition
exists (when the natural frequency of the structural component is close
to or coincides with one of the frequencies of the driving force), A
condition of resonance and also any self-excited vibration should be cor-
rected by redesign.

A normal or acceptable level of vibration at each of the several
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frequencies is characteristic of each ship, The normal level is a function
of speed, power setting, weight, and several other factors, In a sense,
a normal or acceptable band may be prescribed for each ship, In addition,
a normal level may be exceedéd for short durations of time during maneuver-
ing and acceleration and under rough-air conditions. Finally, an upper safe ,
1imit to the level of vibration may be prescribed for each ship.

A criterion for safety based on the normal or acceptable amplitude of

vibration may therefore be established, This criterion may be stated as
follows: a change in amplitude at any of the several main rotor or tail

rotor frequencies reflects a change in the driving force or a change in

the structure of the rotors or in their attachment to the fuselage, A change in
the driving force 1s considered unsafe if the reason for the change is

not known, A change in structure is always considered unsafe,

4,0 THE PILOT IN RELATION TO THE VIBRATION |

The following discussion of helicopter vibration is related to the pilot; ‘
however, within its own limits the discussion is also applicable to pas-

senger and crew members., The extent to which the vibration is considered

critical will, or course, be different in each case.

The pilot's impression of the vibration.is based on subjective, qualitative
information obtained through his sense of feeling, sight, and hearing.

During flight he becomes attuned or accustomed to a given level of vibra-

tion and its several changes with speed, power setting, etc. When the re-
lationship changes in a manner that he cannot understand or is unaccustomed

to, he senses a danger, However, since the type of information that he has

at the present time can be misleading, a pilot cannot be expected to distinguish
the frequency of a vibration unless it be a very predominate l/rev, Also, it

is possible for him to become accustomed to a dangerously high level of
vibration if the change is gradual. ‘

-

The complex process of analysis that the pilot presently employs in

evaluating the vibration involves (a) perception, (b) interpretation, i
(c) decision, and (d) reaction, When one considers the number of other constant
demands on the pilot's attention, it is not altogether surprising that '
errors are often attributed even to experienced pilots, Failure to perceive and
misinterpretation are the principal sources of error. The helicopter vibration
indication system has been designed to augment the pilot's perception and
interpretation and will substantially increase flight safety.

5.0 DESIGN CONCEPT, FLIGHT INSTRUMENT

The vibration analyzing system consists of seven basic, functional items,
each of which may be considered as a separate unit or building block,
The block diagram in Figure 1 depicts a vibration analyzing system
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for analyzing a vibration signal at one frequency and for one particular
location, Depending on the number of frequencies and locations of interest

| REFERENCE SIGNAL —| : i g
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Figure 1, Vibration Analyzing System

in a particular ship, additional identical units may be added to complete
a system, The vibration pickup noted in Figure 1 is a Schaevitz model
VG-10 accelerometer, This unit is essentially a spring-mounted, dampened,
linear variable differential transformer (LVDT) with a natural frequency

of 65 cycles per second and a maximum output voltage of 1,0 volt, The
amplitude of the signal from the accelzrometer is directly proportional to
acceleration for frequencies up to approximately 40 cycles per second. The
accelerometer is powered by carrier oscillator number two at a frequency of
660,7 cycles per second. The carrier signal is modulated by the motion

of the LVDT, The output signal is carrier-suppressed and contains both
side bands,

The vibration signal amplifier consists of a 10-turn, 1,000-division potenti-
ometer and an amplifier. The carrier sipnal output of the accelerometer,
modulated by the complex vibration signal, is fed through the potentiometer
to the amplifier, The potentiometer is used in order to permit the

system to have the required sensitivity to low vibration levels without

being overdriven at high vibration levels. The potentiometer may be

adjusted to cover any 10:1 range between ,01 to 10g. The amplifier is a
conventional two-stage transistor amplifier,

The reference signal channel consists of an Eclipse-Pioneer resolver

Y
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model AY-543-5, a gearbox, and a phase shifter and adder. The gearbox is
mechanically driven by the helicopter's engine transmission or some portion
of the rotor system and in turn drives the resolver at the desired rota-
tional frequency (1M, 3M, 1T, etc.).® The resolver is powered by carrier
oscillator number one at a frequency of 312,.6 cycles per second. The
carrier is modulated by the referenced rotational frequency. The phase
shifter and adder eliminates the carrier and one side band.

The two signals from the reference signal channel and from the vibration
signal channel are fed to the mixer of the analyzing and alarm channel,
The modulated signal from the vibration channel with the upper side band
combines with the modulated signal from the reference channel with a lower
side band to give an output frequency equal to the sum of the two carrier
signals when the two side bands are exactly equal, The band-pass fllter
passes only a signal equal to the sum of the two carrier signals, 973.3
cycles per second. The output signal will be 973.3 cycles per second

only when the vibration frequency is equal to the reference frequency. The
amplitude of this 973,3 cycles per second signal is proportional to the
component of acceleration at the reference frequency,

The calibration—adjustment control permits the input to the amplifier to
be adjusted so that the actual acceleration level may be read on the
meter, The calibration—operation switch on the output of the amplifier
must be in the calibration position to obtain this reading,

When the switch is in the operation position, the normal-level adjustment
permits the meter reading to be set at a percentage of a particular
vibration level, In this manner the output to the meter from the several
analyzing and alarm channels may be adjusted to give the same meter readings
at one air speed, rotor speed, and gross weight, Thus, the meter readings
at each of the several frequencies of interest will fall in a band on the
meter that for purposes of the pilot's interpretation may be considered

to be "safe",

The output from the calibration-operation switch is fed to two frequency-
sensitive, resonant-reed relays, These reeds are frequency-sensitive to
973.3 cycles per second and insure that only a signal at this frequency
will close the relays of the alarm system., Two separate circuits are
employed: the first, the low-amplitude alarm circuit, consists of a
frequency-sensitive relay, an alarm relay, and a time-delay relay; the
second, the high-amplitude alarm circuit, consists of a frequency-sensitive
relay and an alarm relay.

When the vibration reaches a level which would be dangerous if sustained,
the time-delay relay closes after a preset length of time, and a red lamp
is lighted in the pilot's display. If the vibration reaches a "never

% M - main rotor, T - tail rotor,
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exceed" level, the high-amplitude circuit relay operates, and the red lamp
is lighted immediately,

The pilot's display consists of a channel selector switch, an amplifier,
a meter, and a red lamp, When either of the two levels has been exceeded,
the lamp is energized through the alarm circuits., The channel selector
is manually operated by the pilot, and the signal from the analyzing
circuit is amplified and transmitted to the meter,

6.0 ALTERNATE SYSTEM APPLICATIONS

The system's concept and several of the principal circuits developed under

this contract could be successfully employed in the design of an instru-

ment for maintenance use and for establishing acceleration limits during ! ‘

acceptance tests, Two basic forms of this instrument will be discussed

briefly: the first may be designated as a fixed-frequency system and the q

second as a frequency-spectrum system, Two approaches to the problem of 1

designing a frequency-spectrum system are outlined. q
|

Figure 2 represents the block diagram of the fixed-frequency instrument.
As might be suspected, this system retains many of the existing flight
instrument circuits, A frequency selector and location selector have
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‘] {
[} l FREQUENCY SELECTOR
i

1
! JeEAR- PHASE SHIFTER
[ 80X EESOLVER € ADDER

- = 1
| CAL. ADJ, l
! 1
1 MIXER BAND PASS I ,
[ Lo miel b
. ] ]

=8 ——

L.

LOCATION :
VIBRATION SELECTOR TEN-TURN
@_ﬂ—_—ﬂ ”Tm AMPLIFIER U I NETER l

ALTERNATE vIB. —j

SIGNAL LOCATIONS

Figure 2, Fixed-Frequency System

been added and the alarm circuits and lamp removed, The amplification ,
stage previously located in the pilot's display has been moved back and '
included in the analyzing amplifier. The particular advantage of this ‘
system lies in the fact that it employs basic circuits presently developed.,

It is, as a matter of fact, a simplification of the flight instrument, ‘

6=
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As in the case of the flight instrument, the resolvers are gear-driven

from the transmission, and the reference signal is applied to the

analyzer through a selector switch, The vibration signal from one of
several pickup locations is amplified and fed to the analyzer. The analyzer
output signal, which is propértional to the acceleration, may be cbserved

on the meter, Each of the several pickup locations for the several selected
frequencies of interest may be manually recorded,

Figure 3 represents the block diagram of a frequency-spectrum system, which
is similar to the preceding system, In place of a transmission-driven

SPEED CONTROL, RECORDER
MANUAL OR AUTO, —I
CAL, ADJ,
D.C.MOTOR| GEARBOX RESOLVER PIHASE SHIFTER BAND PASS AMPLIFILR
& ADDER FILTER

OSCILLATOR

OSCILLATOR
¥2

VIBRATION TEN TURN AMPLIFIER
PICKUP POT.

ALTERNATE VID, '.j j

SIGNAL LOCATIONS

Figure 3, Frequency-Spectrum System

resolver at selected frequencies, there is a d.-c, motor driving the
resolver, The frequency of the motor is automatically controlled at a con-
stant acceleration so as to cover the frequency spectrum of interest. The
same signal that controls the d.-c., motor also controls the drive of the
chart recorder, which records the output of the analyzer. The recorder would
be the paper-chart type with the drive motor synchronized with the rate of
frequency change from the analyzer.

In this manner, the frequency-acceleration spectrum at each of the
selected vibration pickup locations may be recorded as a plot of frequency
versus amplitude.

The helicopter vibration indication system designed and built by this
company as a synchronized frequency analyzer is adaptable for use as a
spectrum analyzer. The method requiring a minimum of modification substi-
tutes a variable-speed motor drive for the reference penerators which
normally are driven by the rotor-tachometer drive on the helicopter. The
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frequency of interest is selected by manually changing the speed of the

drive motor. This system is shown in Figure 3. The output to the .
analyzer channel is a single-side-band, carrier-suppressed signal whose

frequency is equal to the reference carrier frequency minus the reference

frequency determined by the speed of the drive motor, i

This method of obtaining the reference signal is necessary in the

synchronized frequency analyzer where the drive from the rotor insures that

the vibration frequency being measured is the same as the rotor frequency.

However, in the spectrum analyzer the only important consideration is .
that the frequency of the signal fed to the analyzer channel be equal to the
reference carrier frequency minus the frequency of the vibration signal

to be measured. Therefore, in the spectrum analyzer the components shown

in Figure 4 may be replaced with a variable-frequency oscillator having

the proper frequency range. The control dial of the oscillator is
calibrated in terms of the vibration frequency being measured. A block
diagram of the spectrum analyzer is shown in Figure 5.
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SPEED
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Figure 4. Manually Controlled Figure S5, Spectrum Analyzer
Spectrum Analyzer

This type of spectrum analyzer readily lends itself to use as an automatic

fourier servo analyzer for determining the frequency versus amplitude

components of any complex vibration waveform within the range of the

instrument. In this application, the output of the analyzer is fed to the
palvanometer pen of a chart recorder, The chart drive of the recorder

is coupled to the variable-frequency oscillator in such a manner that the ‘
rate of frequency change of the oscillator corresponds to the rate of

movement of the recorder chart., In use, the analyzer scans the frequency

spectrum, and the recorder pen traces a continuous plot showing the vibra- 2
tion amplitude at each frequency throughout the spectrum.
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7,0 PACKAGING, VOLUME, AND WEIGHT

The helicopter vibration indication system has been designed for instal-
lation in several military helicopters., Because of the variation in vibra-
tion characteristics of each of the several helicopters, it was decided

to employ a module concept of design, The unique requirements of each heli-
copter could best be satisfied by assembling the modules in various pack-
ages, Table 1 defines the frequencies at which a critical vibration could
exist for each of the several military helicopters considered in this design,

TABLE 1
CRITICAL VIBRATION FREQUENCIES

e e e e b

Manufacturer Model Monitored Frequencies

Sikorsky H=-19 M, 3M, 1T
H=-34 1M, 4M, 1T
H-37 1M, 5M, 1T’
Vertol H-25 1F, 3F, 1A, 3A
H=21 1F, 2F%*, 3F, 1A, 2A%, 3A
Bell H-13 1M, 2M, uM, 1T
XH-40 1M, 2M, uM, 1T
M = main rotor
T - tail rotor
F - forward rotor
A - aft rotor

The numeral preceding the letter designation defines the funda-
mental and harmonics to be monitored.

*In general, only the harmonics which are whole-digit multiples
of the number of blades contribute to over-all vibration of the
helicopter; however, in the instance of the H-21 helicopter,
the preponderance of existing vibration data indicates that an
important contribution of the complex vibration is at twice the
main rotor speed,

In the interest of greater ease of maintenance, flexibility of design, and
improved logistics for the several military helicopters under consideration,
a module-type construction has been employed in the design of the helicopter
vibration analyzing system. The elements of the design selected as basic
modules are as follows:

Analyzing and Alarm Channel - Consists of one mixer, one band-pass

filter (973,3 cycles per second), one calibration-adjustment potentiometer,
one amplifier, one normal-adjustment potentiometer, one calibration-
operation switch, one low-amplitude alarm circuit, and one high-

amplitude alarm circuit,
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7.0 PACKAGING, VOLUME, AND WEIGHT

The helicopter vibration indication system has been designed for instal-
lation in several military helicopters, Because of the variation in vibra-
tion characteristics of each of the several helicopters, it was decided

to employ a module concept of design, The unique requirements of each heli-
copter could best be satisfied by assembling the modules in various pack=-
ages, Table 1 defines the frequencies at which a critical vibration could
exist for each of the several military helicopters considered in this design,

TABLE 1
CRITICAL VIBRATION FREQUENCIES

I SN

Manufacturer Model Monitored Frequencies
Sikorsky H-19 1M, 3M, 1T
H-34 1M, 4M, 1T
H-37 1M, SM, 1T
Vertol H-25 1F, 3F, 1A, 3A
H-21 1F, 2F%, 3F, 1A, 2A%, 3A
Bell H-13 1M, 2M, 4M, 1T
XH-40 1M, 2M, UM, 1T
M - main rotor
T - tail rotor
F - forward rotor
A - aft rotor

The numeral preceding the letter designation defines the funda-
mental and harmeonics to be monitored,

*In general, only the harmonics which are whole-Aigit multiples
of the number of blades contribute to over-all vibration of the
helicopter; however, in the instance of the H-21 helicopter,
the preponderance of existing vibration data indicates that an
important contribution of the complex vibration is at twice the
main rotor speed,

In the interest of greater ease of maintenance, flexibility of design, and
improved logistics for the several military helicopters under consideration,
a module-type construction has been employed in the design of the helicopter
vibration analyzing system. The elements of the design selected as basic
modules are as follows:

Analyzing and Alarm Channel - Consists of one mixer, one band-pass

filter (973.3 cycles per second), one calibration-adjustment potentiometer,
one amplifier, one normal-adjustment potentiometer, one calibration-
operation switch, one low-amplitude alarm circuit, and one high-

amplitude alarm circuit,




Vibration Signal Amplifier - Consists of two range switches and two
amplifiers.,

Carrier Oscillator Number One (312.6 cycles per second) - Consists
exclusively of the oscillator,

Carrier Oscillator Number Two (660,7 cycles per second) - Consists
exclusively of the oscillator,

Vibration Signal Channel - Consists exclusively of one LVDT,

Pilot's Display - Consists of one channel selector, one amplifier,
and one lamp,

A system for any of the several military helicopters considered in this

design study may be built from the six basic modules, Modules one through ‘
four are grouped together and mounted in a single chassis, Module five is |
located in the vicinity of the main and tail rotor, and module six is 1
located in the pilot's cabin,

The number of modules required for a complete helicopter vibration system

and the size of chassis will depend on the particular requirements for each
helicopter., Table 2 defines the number of modules and the volume of the
chassis required for each particular ship presently under consideration,
Module five, the vibration signal channel, has a total volume for two channels
of 40 cubic inches, Module six, the pilot's display, has a volume of
approximately 50 cubic inches,

TABLE 2

NUMBER OF CHASSIS MODULES AND TOTAL VOLUME '
Modules Total Volume {
Manufacturer Model 1 2 3 4 5 b (cu. in,)

Sikorsky H-19 3 111 21 1750 i
H=34 3 11121 1750 |

H=37 3111 21 1750

Vertol H~25 4 1 1 1 2 1 1950
H-21 6 1 1 1 2 1 2400 ‘

Bell H-13 4 1 11 2 1 1950

XH-u0 4 1 1 1 2 1 1950 '

The final item of packaging to be considered is the reference signal

channel, Because the gearbox requirements for each helicopter will vary
with the location and mounting point of the mechanical drive, the possibility
of designing a single module suitable for all helicopters is precluded,

A design study for the H-21 helicopter has been conducted, and it is deemed
advisable to locate the reference signal channel at the central transmission

-10-
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on the tachometer generator pad. An adapter has been incorporated in the
gearbox so that the tachometer generator may be mounted on the transmission
and continuous operation of the tachometer generator maintained,

The weight of the unit as installed in the helicopter is given in Table 3,
These weights are estimated on the basis of the actual weight of the proto-
type unit as installed in the H-21 helicopter,

TABLE 3
WEIGHT OF INSTALLED UNITS
—_——————————

Estimated Weight

Manufacturer Model (1b,)

Sikorsky H-19 34,5
H-34 34,5
He37 34,5

Vertol H=25 38,8
H=21 ug,1%

Bell H-13 38,8
XH-uo 38.8

% Actual Weight

The estimated cost of components for the helicopter vibration analyzing
system (as installed in the H-21 helicopter) has been established and is
shown in Table 4, , Several of the components such as gears, transistors, and
assorted hardware for the system are purchased at quantity prices, and their
cost for the maximum 100 units shown is essentially fixed. This fixed

price is $310, When purchased at quantity prices, the remaining components
of the system substantially reduce the per-unit cost of the system, In
examination of the curve, it would appear that the unit cost of the system
approaches $1,300 as a limit, This component-cost analysis is based on
quoted prices for all major cost items and is accurate to within 5 per cent,
Table 4 is a tabulation of the cost of components that are shown in the
figure on page 5. It should be emphasized that this cost analysis does not
include labor and assembly ccst. ‘

TABLE 4
ESTIMATED COMPONENT COST

Number of Units Unit Price of Components

2 $1860

5 $1650

N 10 $1520
20 $1450

50 $1380

100 . $1340

a))=
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8,0 FLIGHT TEST DATA

The helicopter vibration analyzer was flight tested on two occasions, The
first flight test was conducted from 5 to 9 January 1959, This test was
conducted prior to a satisfactory calibration of the instrument and was
intended primarily to establish quantitative results and to determine the
general feasibility of the instrument, The results of this test were
satisfactory., The second flight test was conducted during the period

11 to 18 September 1959, The instrument was fully calibrated during this
period, and the results of this series of tests are presented in Table 5,

The objectives of the second test propram were to establish the operating
characteristics of the instrument, to determine satisfactory locations for
the vibration pickups, to ascertain the vibration characteristics of the
H=21 helicopter, to establish "provisional" vibration limits for the alarm
system, and to determine a satisfactory installation procedure.

The operation of the instrument was satisfactory throughout the test period.
The quantitative response of the instrument to a vibration level corresponded
to the subjective response of both passengers and pilots., It was observed
that the vibration was most closely related to collective stick displace-
ment, Flare in the powered landing was the maneuver which appeared to result
in the highest levels of vibration, Pilot technique and weather conditions
were also contributing factors to the vibration characteristics of the
helicopter,

Several locations for the pickups were investigated, There was a distinct
difference in reading between a pickup located in the forward portion of the
cabin and one located aft in the viecinity of the central transmission., The
precise location of the pickups within any one region (forward or aft) was
not in itself especially critical provided that the lccations were on princi-
pal items of structure such as frames, beams, cargo deck plates, etc,

During flight number one, tests cne through eight, both pickups were located
on the electronic-equipment racks immediately aft and to the left of the
pilot's compartment. In flight number two, the pickups were interchanged.
During the remainder of the flight tests, the forward pickup was located

on the third electronic-equipment rack from the bottom near the main vertical
support, and the aft pickup was located on the right side of the helicopter
on a horizontal stringer in the central transmission compartment.

As a result of a recently conducted examination of the flight test program,
the vibration acceleration limits shown in Table 6 are recommended for the
H=21 helicopter,

-12-
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TABLE 6 '
PRESCRIBED VIBRATION ACCELERATION LIMITS, H-21 HELICOPTER

—
= —_—

Analyzer Amplifier Harmonics
Relay Adjustment (g)
1/rev, 2/rev, 3/rev,
Low ,050 .065 200
High ,070 .100 .250

9,0 HELICOPTER' VIBRATION DATA

This section presents vibration data for the Sikorsky H-19, H-34, H-37;

Vertol H-21, H-25; Bell H-13 and XH-u0 helicopters (see Figures 6 through 12).
These data were recorded during vibration survey and acceptance tests, in general
to establish compliance with Specification MIL-H-8501 or deviations thereto.

As they were originally received, the data were in the form of amplitude-
velocity curves for the main rotor fundamental and several higher harmonics

and were recorded at specified locations (cockpit, center of gravity, aft

cargo, etc,) and directions (vertical, lateral, and longitudinal).

The form in which the data are presented in this report has been selected
as double amplitude versus frequency with a superimposed scale of constant
acceleration in g's, Average values of amplitude in the speed ranges of
0-30, 40-85, and 95 to maximum forward speed were established. These speed
ranges are representative of transition, cruise, and high-speed flight
respectively,

In general, the vibration data were established while the helicopter was
flown in uniform rectilinear motion, Maneuvering flight and transient
rough air conditions were eliminated. The data were recorded under ideal
"laboratory" conditions: a skilled pilot was at the controls and excellent
ground maintenance and repair services were available.

Although instances have been cited wherein a helicopter has indicated a

lower level of vibration during normal service life, the data recorded during
acceptance tests must be considered as indicative of the lowest possible
level of vibration for that particular ship,

A variation of the order of t50 per cent was observed in the amplitude

from ship to ship of the same series, This variation is attributed to a
difference in component characteristics, assembly, and testing techniques.,

For this reason considerable care must be taken in interpreting and applying
the data, particularly where there were few recorded noints. lo direct
comparison of models from different manufacturers can be made. The differences
in testing techniques and in particular the location of sensing elements
preclude this possibility.
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Peak Acceleration (g)
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